The main reason for using ceramic materials for metal working tools is the significantly higher wear resistance with respect to commonly used steel tools and therefore the possibility to improve the lifetime as well as the product quality. Ceramic rolls were developed and tested in different applications. In this paper the work on the development of the ceramic rolls and the evaluation of several roll types in field tests are summarized.
INTRODUCTION
Thanks to their high wear resistance, ceramic materials are suitable for use as metal working tools such as forming rolls. The materials that are used for rolling tools are steels or tungsten carbide. In order to get higher wear resistances and therefore longer lifetimes of the rolling tools, ceramic materials may be used. Silicon nitride is a highly wear resistant ceramic material. Further advantages of this material are its high temperature stability, its low adhesion to the metallic materials and its low specific weight. Silicon nitride is therefore ideally suited for rolling tools. The higher manufacturing costs may be easily compensated by the longer lifetime, which reduces the frequency of and expense for tool assembly. In addition, the production conditions may become more stable and the product quality may thus be improved. Finally, the consumption of cooling lubricants can be reduced by using ceramic tools.
The scope of the project was therefore the development and fabrication of ceramic rolls for the manufacture of different semi-manufactured products, such as wires, tubes and sheets. It was found that the use of ceramic tools is possible and even has advantages regarding service lifetime and product quality [1] . In this paper, some case studies of ceramic rolling tools are presented that were developed and tested in different manufacturing processes. The work conducted includes tool design, materials development, manufacture of the rolls, mechanical and tribological testing, and the testing of the rolls in several production processes. The focus of this presentation is put on tribological aspects such as lifetime and wear resistance.
DESIGN OF ROLLING TOOLS
The main challenges of constructing ceramic forming rolls are both the size of the rolls and the extreme mechanical loads during the rolling process. For economic reasons, the volume of ceramic material has to be decreased by constructing steel rolls and only substituting the tribologically stressed part of the rolls by silicon nitride ceramic.
Numerical simulations were carried out in order to calculate the stresses and the deformation of ceramic rolls that are exposed to extreme mechanical loads ( fig.1 ). The most important task was to find roll designs, in which the maximum tensile stresses during the application are low enough to prevent them from immediate failure. This is especially important for the working rolls for aluminium sheets, which have to withstand mechanical loads of up to 1200 kN. 
TRIBOLOGICAL ASPECTS AND EVALUATION
Not only typical mechanical properties (strength, fracture toughness) are important for the use of ceramic materials. Since the requirements for both lifetime and costs are high, an optimum may be reached by increasing the wear resistance and then -after identifying wear mechanisms and its influencing factors -by trying to reduce the production costs of the rolls e.g. by using powders of lower quality.
Since not all possible material variations can be tested in field tests, it is necessary to use standard tribological methods, by which the friction and wear properties of different materials and material combinations can be compared. The tribological mechanisms responsible for the wear of the tools are dependent on the whole tribological system. Of special importance are the lubrication conditions and the loading parameters (mechanical and thermal load, sliding velocity).
Therefore, extensive tribological studies have been carried out at a sliding velocity of 0.5 m/s under varying normal loads using a pin-on-disc tribometer. Ceramic pins with spherical tips (r = 5 mm) were tested in combination with steel discs with either water or a cooling lubricant.
The results of the wear behaviour of different pin materials show that there are significant differences (figure 2). Especially silicon nitride ceramics containing silicon carbide or titanium nitride yielded very low wear amounts. 
Sheet-rolling of aluminium
Despite the very high mechanical loads, ceramic working rolls for aluminium sheets have been tested successfully ( figure  3) . First results show that the surface quality of the aluminium sheets is good, and there have been no problems yet. In further tests, the lifetime of the rolls can be quantified and compared to commonly used steel rolls. The next step will be further improvement of the ceramic rolls, adjustment of the roll surface roughness and decrease of the manufacturing costs.
Flow turning
Ceramic rolls were tested in flow forming processes. During this process the rolls are exposed to high mechanical and tribological loads. Thus, in some applications, the wear of steel rolls is so high, that their application is not reasonable. By using ceramic rolls, the lifetime of the tools could be prolonged to a satisfactory level. Extremely prolonged lifetimes (with respect to steel rolls) were obtained in turning processing of aluminium parts (> factor 10). 
Hot-rolling of wires
Currently, tungsten carbide rolls are generally used for the hot-rolling of steel wires. Though the process is working in principal, these rolls are expensive and difficult to handle because of their weight (up to 40 kg). The expected benefit of ceramic rolls is therefore a significant reduction of the roll weight and at the same time lower life-cycle costs.
The tests of the silicon nitride rolls demonstrated their applicability in this process. During the hot-rolling process no cracking of the rings occurred and the ceramic surfaces formed a smooth glassy film. However, also in this process an overstressing of the rolls is possible, if very high strength alloys are rolled, leading to increased wear and in extreme cases to the formation of cracks.
CONCLUSIONS
For metalforming applications, wear resistant ceramic materials have been developed. These materials may also be used under conditions (e.g. in corrosive media or at high temperatures) that do not allow the use of metallic tools. Thus, the usability of ceramic rolls has been demonstrated in different production processes. One further advantage is the higher surface quality of the rolled products that has been observed especially at flow turned parts and on Al-sheets. The prolongation of the service lifetime of the rolls can not yet be quantified, but a considerable effect can be expected.
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